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Abstract Biomass pretreatement is a key and energy¬ 
consuming step for lignocellulosic ethanol production; it 
is largely responsible for the energy efficiency and 
economic sustainability of the process. A new approach to 
biomass pretreatment for the lignocellulosic bioethanol 
chain could be mild torrefaction. Among other effects, 
biomass torrefaction improves the grindability of fibrous 
materials, thus reducing energy demand for grinding the 
feedstock before hydrolysis, and opens the biomass 
structure, making this more accessible to enzymes for 
hydrolysis. The aim of the preliminary experiments carried 
out was to achieve a first understanding of the possibility to 
combine torrefaction and hydrolysis for lignocellulosic 
bioethanol processes, and to evaluate it in terms of sugar 
and ethanol yields. In addition, the possibility of hydrolyz¬ 
ing the torrefied biomass has not yet been proven. Biomass 
from olive pruning has been torrefied at different con¬ 
ditions, namely 180-280°C for 60-120 min, grinded and 
then used as substrate in hydrolysis experiments. The 
bioconversion has been carried out at flask scale using a 
mixture of cellulosolytic, hemicellulosolitic, (3-glucosidase 
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enzymes, and a commercial strain of Saccharomyces 
cerevisiae. The experiments demonstrated that torrefied 
biomass can be enzymatically hydrolyzed and fermented 
into ethanol, with yields comparable with grinded untreated 
biomass and saving electrical energy. The comparison 
between the bioconversion yields achieved using only raw 
grinded biomass or torrefied and grinded biomass high¬ 
lighted that: (1) mild torrefaction conditions limit sugar 
degradation to 5-10%; and (2) torrefied biomass does not 
lead to enzymatic and fermentation inhibition. Energy 
consumption for ethanol production has been preliminary 
estimated, and three different pretreatment steps, i.e., raw 
biomass grinding, biomass-torrefaction grinding, and steam 
explosion were compared. Based on preliminary results, 
steam explosion still has a significant advantage compared 
to the other two process chains. 

Keywords Torrefaction • Lignocellulosic ethanol • Biomass 
pretreatment • Hydrolysis 

Nomenclature 

GB Grinded biomass 

OPD Olive pruning debris 

RM Raw materials 

SE Steam explosion 

SEB Steam exploded biomass 

SHF Separate hydrolysis and fermentation 

TGB Torrefied and grinded biomass 

Subscripts 

el Electrical 

th Thermal 

m.c. Moisture content 
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1 Introduction 

The production of olive oil plays a significant role in the 
economy of the region of Tuscany and therefore in its land 
use. In 2009, the net amount of surface devoted to the 
cultivation of Olea europaea for both extraction and direct 
consumption accounted for almost 92,000 ha, over a total 
agricultural surface of about 810,000 ha in 2005. In olive- 
tree cultivation, pruning has to be performed every 2 years 
in order to obtain good productivity. In this operation, a 
considerable amount of biomass is produced, thus repre¬ 
senting a potential resource for bioenergy generation or 
biofuel production. 

In fact, the use of residues from agriculture and agro¬ 
industry as feedstock can improve the economics and the 
sustainability of producing ethanol from lignocellulosic 
biomass [1—4]. 

The first step in the conversion of lignocellulosic 
biomass to ethanol is pretreatment; feedstock pretreatment 
has been recognized as a necessary upstream process to 
alter the structure of cellulose biomass to remove biomass 
recalcitrance for downstream microbial and enzymatic 
processing [5]. Biomass pretreatment is a key step for 
lignocellulosic ethanol production, which absorbs signifi¬ 
cant amount of energy and is largely responsible for the 
overall energy efficiency and economic sustainability of the 
process [6]. 

Mechanical grinding of biomass as pretreatment for 
subsequent bioconversion, such as enzymatic hydrolysis 
and fermentation, must be implemented in order to increase 
enzyme-accessible surface areas [7]; however, it is charac¬ 
terized by high-energy consumption [8]. A new approach to 
biomass pretreatment is investigated in this paper for the 
lignocellulosic bioethanol chain. 

Torrefaction is a thermochemical pretreatment method 
that consists of heating of biomass to a moderate 
temperature of 200 to 300°C in an inert atmosphere [9- 
11]. The process reduces the biomass moisture content to 
extremely low values and increases the energy density as 
well as the grindability of the material [12, 13]; electricity 
consumption for size reduction of torrefied wood can be 
reduced by 50-85% compared to fresh wood. [14, 15] 

The main aim of the experiments that were carried out 
was to preliminary investigate the effect of coupling 
torrefaction and grinding, so to verify the enzyme capability 
of attacking the torrefied feedstock, as well as the sugars 
and ethanol yields. No much experience exists concerning 
torrefaction as pretreatment of biomass in the lignocellu¬ 
losic ethanol chain. 

Biomass obtained from olive pruning has been torrefied 
at different conditions, namely 180-280°C for 60-120 min, 
mill-grinded and sieved at 50 mesh (0.32 mm), and used as 
substrate in separate hydrolysis and fermentation (SHF) 


experiments. In order to limit the degradation of sugars, 
experiments were carried out at slightly lower temperatures 
than those reported in previous studies (225-300°C) [8, 9]. 
A recent study on the impact of the torrefaction on 
lignocellulosic structures confirmed that light torrefaction 
is an interesting operation in pretreatment of biomass for 
biofuel production [16]. 

In order to investigate the effects of torrefaction on the 
bioconversion phase, SHF experiments have been also 
carried out on grinded only biomass. The experimental plan 
is showed in Fig. 1. 


2 Material and methods 

2.1 Raw material 

Few kilograms of olive pruning debris (OPD) were 
collected in a farm near Florence, Italy. Only thin branches 
were retained (1-5 cm in length) along with some cutting 
residue, and the leaves were eliminated. The biomass 
sample was collected from a large amount (several tons) 
of residues stored at the farm site for some months under a 
roof cover. Prior to torrefaction, the OPD were oven-dried 
at a temperature of 80°C for 24 h. 

The composition of the raw material, in terms of 
hemicellulose, cellulose, and lignin fraction, is reported in 
Table 1. 

In order to carry out the chemical analysis, olive pruning 
debris was grounded with a rotary mill equipped with a 50 
mesh (0.32 mm) sieve. The ash content of the raw and 
torrefied materials was determined by sample combustion 
at 600°C (ASTM-1106, modified). Organic soluble extrac¬ 
tives were determined by Soxhlet extraction using a 



•Free sugars 


•Free sugars 


•EtOH 


•EtOH 


Fig. 1 Layout of the experimental plan 
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Table 1 Composition of the 
olive pruning debris 

Glucan 28.0 

Lignin 31.9 

Xylan 12.9 

Ash 5.5 

Organic extractives 9.4 

Other sugars 10.5 

DM dry matter, ND not 1.9 

determined _ 


mixture of toluene and ethanol 2:1 for 6 h (ASTM D1106). 
The extractive free residue was hydrolyzed following the 
Klason method (TAPPI T13 m-54). Glucose, cellobiose, 
galactose, xylose, and arabinose in the liquid fraction, 
were determined by HPIC using an amperometric 
detector. The sugar degradation during the Klason 
procedure was accounted for by introducing experimental 
coefficients. 

2.2 Experimental apparatus for torrefaction 

Torrefaction tests were conducted in a batch reactor 
composed of a stainless steel cylinder with flanged open¬ 
ings on both sides. The net internal capacity of the cylinder 
was 1 1. Both flanges had a central threaded hole of 
12.7 mm (1/2 inch) diameter, which could be fitted either 
with a valve, a plug, or a special plug featuring an aperture 
of 1 mm in diameter. This special plug was used instead of 
a pressure relief valve as a cost-effective alternative for 
discharging the vapors produced during torrefaction. The 
second 1/2-inch aperture of the reactor was then fitted with 
a plug. In such configuration, the gas expansion in the 
heating up of the reactor and the vapors produced during 
the torrefaction of OPD were sufficient to keep the reactor 
oxygen-free (anaerobic conditions), that would lead to 
some oxidation of the hot biomass. By connecting one side 
of the reactor to the nitrogen line and fitting the other with 
the 1-mm hole plug, it is possible to purge the reactor 
volume. A schematic drawing of the torrefaction reactor in 
the purge configuration is reported in Fig. 2. 

spacers gas 



Fig. 2 Sketch of the torrefaction reactor fitted with the nitrogen line 
to purge the oxygen before processing the biomass 


The heat source for the torrefaction tests was a 
laboratory convective oven, rated for a maximum operating 
temperature of 400°C and fitted with a thermostatic control 
of the internal temperature. Air circulation inside the oven 
was provided by a fan. A schematic of the oven and the 
reactor is reported in Fig. 3. During torrefaction, some 
vapors and permanent gases are produced (mainly water 
vapor, acetic acid, C0 2 , methanol, CO, and some other 
minor constituents) which both originate from expulsion of 
residual bonded water and from the degradation of wood. In 
our test facility, this gas phase was expelled from the 
reactor, collected from an extractor fan, and directed to the 
ambient after being burned. 

2.3 Torrefaction test procedure 

The test procedure for each run was as follows: 

• The oven was warmed-up to the desired process 
temperature. 

• The reactor was placed in the oven and left there for 4 h 
to heat up. 

• The reactor was removed from the oven, and the raw 
biomass was weighed (110-140 g per run) and placed 
inside the reactor. 

• The reactor was connected to the laboratory’s nitrogen 
line through one of the 1/2-inch holes of the reactor’s 
flanges, while the second 1/2-inch opening of the 
reactor was fitted with a special plug that could allow 
the gas to escape from it. 

• A 4 min nitrogen flushing was performed to ensure that 
most of the oxygen trapped inside the reactor could be 
substituted by inert gas. 

• Once the nitrogen line was removed, the hole was 
closed with a conical plug, and the reactor was placed 
in the oven. 



Fig. 3 Convective oven for torrefaction tests. M is the fan motor, T is 
the thermostatic control of temperature, and R are the electrical 
resistors. Vapors and permanent gases from torrefaction are expelled 
from the top apertures 
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Fig. 4 Sketch of the hydrolysis 
and fermentation procedures 


100 ml flask 


h-d 


p -d 


p -d 


Enzymatic hydrolysis 


Fermentation 


RM 

24h, 45°C, 150 rpm, 


72h, 35°C, 150 rpm, pH 4.8 | 



Orbital shaker 






• The starting time was conventionally assumed to be the 
moment when the oven’s thermostat reached the set- 
point temperature. 

• A fast cooling down of the treated biomass was 
performed by a second nitrogen flushing, prior to 
further weighing. 

Weighing of the torrefied material has been performed 
with a laboratory class balance (0.1 g resolution). 

2.4 Hydrolysis and fermentation 

The torrefied biomass was grinded with the same 
procedure and equipment used to mill raw material and 
used as a substrate in hydrolysis and fermentation 
experiments. The bioconversion was constituted of a fast 
separate hydrolysis at 45 °C for 24 h and in a simulta¬ 
neous hydrolysis and fermentation for further 72 h in 
order to optimize the action of the enzymes (Fig. 4). Raw 
and torrefied samples, both milled, were hydrolyzed with 
the commercial cellulose mixture of Celluclast 1.5 L 
(65 FPU/g and 17 (3-glucosidase IU/g), supplemented with the 
(3-glucosidase Novozyme 188 (376 (3-glucosidase IU/g) from 
Novozymes A/S (Bagsvaerd, Denmark), and fermented 
with Saccharomyces cerevisiae (SIGMA II Type). Enzy¬ 
matic hydrolysis was carried out at a 5% (w/v) consis¬ 
tency in a solution containing 1.65 g/1 of Celluclast and 
0.33 g/1 Novozym (both expressed as protein; the protein 
content is 125 mg per g of enzyme) and 0.1 M NaAc 
buffer to a total mass of 50 g, in a closed bottle of 100 ml. 
Hydrolysis was performed at 45°C and pH 4.8, with a 
shaking rate of 150 rpm, for 24 h. After 24 h, the 
hydrolysate was supplemented with additional nutrients 
to provide a base medium composition of: 3 g/1 of yeast, 

2.5 g/1 of yeast extract, 0.25 g/1 (NH 4 ) 2 HP0 4 , and 
0.025 g/1 MgS0 4 H 2 0. All fermentations were carried 
out at 35°C, pH 4.8, with a shaking rate of 150 rpm. 
Samples were withdrawn at regular time intervals for 72 h 
for sugars and ethanol analysis. All experiments were 
performed in duplicate, analytical determination in tripli¬ 
cate, and average values are reported. 


3 Results and discussion 

3.1 Torrefaction results 

For this study, three residence times (60-90-120 min) and 
five torrefaction temperatures (180-220-240-260-280°C) 
were considered, for a total of 12 runs. For each run, the 
raw material was oven-dried at 80°C for 24 h before being 
processed. A resume of the mass losses for selected and 
representative runs (four of which result of double experi¬ 
ments), is reported in Table 2. 

After weighing, the samples were collected, cooled 
down, vacuum sealed, and stored at room temperature for 
further manipulation and analysis. 

3.2 SHF results 

In the flasks loaded with grinded and torrefied biomass at 
severe conditions (240-280°C), no ethanol was detected 
(Fig. 5); only a very limited hydrolysis of the cellulose has 
been obtained in this test. Instead, mild torrefaction 
conditions (180-220°C) generated higher hydrolysis yields 
(calculated by stoichiometry on the basis of the cellulose in 


Table 2 Mass losses of OPD after torrefaction 


r[°c] 

Time [min] 

m i [g] 

m 2 [g] 

Am [%] 

180 

60 

139.4 

137.9 

1.1 

180 

90 

155.2 

150.8 

2.8 

220 

60 

127.1 

119.4 

6.1 

220 

90 

143.7 

132.0 

8.1 

240 

90 

97.7 

82.9 

15.1 

240 

90 

110.5 

92.3 

16.5 

260 

90 

90.3 

75.4 

16.5 

260 

90 

107.3 

88.7 

17.3 

260 

120 

107.3 

82.4 

23.2 

260 

120 

94.4 

75.4 

20.1 

280 

90 

103.8 

79.3 

23.6 

280 

90 

102.7 

78.9 

23.2 


T temperature 
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Fig. 5 Glucose (after 48 h, 
before fermentation) and ethanol 
recovery (after 72 h) in torrefied 
samples after enzymatic 
hydrolysis and fermentation in 
percent 



the raw material) and, in the case of 220°C torrefied 
sample, fermentation inhibition was not detected for both 
the residence times (i.e., 60 and 90 min). 

In fact, the comparison between the bioconversion yields 
achieved using grinded biomass or torrefied and grinded 
biomass highlighted that the torrefaction process at mild 
conditions slightly affects the enzymatic hydrolysis (decreas¬ 
ing from 39 to 35%), and leads to ethanol yields comparable to 
those obtained by the fermentation of simply grinded biomass 
(Fig. 6). 

3.3 Energy balance of pretreatments: steam explosion 
versus grinding and torrefaction 

The use of fresh and torrefied biomass could also be 
compared with one of the currently most promising 
pretreatment process, i.e., steam explosions (SE). A 
summary of the three process paths that were investigated 



Fig. 6 Ethanol yields achieved in the SHF of the raw material (RM) 
and OPD torrefied at 220°C for 60 and 90 min, calculated on with 
respect to the cellulose content of the feedstock (maximum theoretical 
attainable) 


in this study as well as the main energy figures are given in 
Fig. 7. 

Based on the data available in literature for representative 
SE process [15, 17, 18], the thermal energy demand for 
steam generation ranges between 0.9 [19] and 2.7 MJ th [18] 
per kg of processed biomass. The lower figure has been 
adopted in this research work, which corresponds to 0.3 kg 
of steam per kg of biomass. Assuming the steam being 
produced by burning biomass (LHV 12.23 MJ/kg at 15% m. 
c.) in a boiler, and considering a steam generator’s efficiency 
of 90%, the gross thermal input for steam production ranges 
between 1 and 3 MJ th . Basing on measurement on a pilot 
plant, the electrical input for SE has been estimated equals to 
1.1 MJ el per kg of biomass [18]. 

As regards to the second and third process paths, i.e., 
grinded biomass (GB) and torrefied and grinded biomass 
(TGB), the energy required for grinding to obtain a particle 
size below 500 pm [assuming 15% initial moisture content 
of the raw materials (RM)] has been taken from recent 
literature on torrefaction with spruce as feedstock [13]. 
Reported values range from 750-850 kWh e i/t, i.e., 2.70- 
3.06 MJ el /kg for RM, while torrefied biomass requires as 
low as 250 kWh el /t, i.e., 0.90 MJ el /kg. An average figure of 
2.88 MJ el /kg was here assumed for RM; in general terms, 
the electric energy consumption for fine grinding of 
torrefied biomass is approximately 30% of fresh biomass. 
This is due to the rather mild torrefaction approach used in this 
work, and the figure becomes even lower in case of 
torrefaction at or above 280°C. It was assumed to operate the 
torrefier at auto thermal conditions [15, 17], i.e., the torrefac¬ 
tion gas exactly provides the energy content needed to carry 
out the torrefaction process, and therefore the thermal input 
for the process is negligible, which means that the energy 
input for the process is solely electrical. A limited amount of 
heat needs to be supplied only during the start-up phases. 
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Fig. 7 Comparison of different process options: ethanol yield 
(referred to 1,000 g of initial dry matter and energy requirement for 
steam SE, GB, and TGB process paths. The electrical energy for steam 
explosion is inferred from measurement on a pilot plant and comprises 


As shown in the Fig. 7 and taking into account the 
cellulose content only, both the GB and TGB process routes 
give a very low ethanol yield, compared to the theoretical 
yield from steam exploded biomass, 11.4% and 10.1%, 
respectively, while SE attains approximately 95%. Hydro¬ 
lysis efficiency is here theoretically assumed equals to 
100% (it could be 90 to 70% on cellulose, depending on the 
process severity). This results in ethanol yields for the three 
paths [steam exploded biomass (SEB), GB, and TGB] of 
0.129, 0.016, and 0.014 kg per kg of dry biomass, 
respectively. Calculating the energy per kg of ethanol for 
each process path as the ratio of either thermal or electrical 
energy input to the mass of produced ethanol, for TGB and 
GB paths ones, respectively, obtains 64.29 and 180 MJ el /kg 
of EtOH; therefore, torrefaction leads to a net saving in 
high-value electrical energy in the order of 64% when 
compared to the GB chain. If instead SEB is compared to 
GB and TGB, the extremely high efficiencies of the 
hydrolysis and fermentation phases on SEB make the 
comparison very unfavorable for the counterpart since SE 
is accounted for an energy-to-ethanol value of 8.53 MJ el 
plus 7.75 MJ th per kg of EtOH. Results are summarized in 
the following Table 3. 

The yield of ethanol in SE is therefore one order of 
magnitude higher than GB or TGB paths which is mainly 
due to the combination of a hydrolytic and mechanical 
effect of steam explosion at the same process temperature. 


a bland grinding to reduce chips size [18]. The thermal energy for 
steam was calculated as AH from water at 15°C to steam at 220°C. 
Electrical energy input for GB and TGB is derived from literature [13] 


The performances of the TGB process could be further 
improved by optimizing the torrefaction-operating parame¬ 
ters, by recovering some of the available energy from 
cooling of torrefied biomass, and by assessing—on the long 
term—the effect due to inhibitor formation, that are 
expected to be higher for the GB than the TGB, and also 
considerable for the SEB. Moreover, a detailed study on the 
energy requirements for the SHF phase should be carried 
out, as any variation on this energy demand changes the 
final balance in terms of MJ/kg EtOH. 

This analysis focused on the sole cellulose fraction. 
However, the impact of these processes on the hemi- 
celluloses phase should also be evaluated. As the decom¬ 
position of the hemicellulose is responsible for most of the 


Table 3 Energy requirements per kg of ethanol for various pretreated 
biomasses subject to SHF 


Pretreated 

Electrical energy 

Thermal energy demand 

feedstock 

demand (MJ el /kg) 

(MJ th /kg) 

GB 

180.00 

~0 

TGB 

64.29 

~0 

SEB 

8.53 

7.75 


GB grinded biomass, TGB torrefied and grinded biomass, SEB steam 
exploded biomass 
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inhibitor formation, and it is also linked to the process 
severity which determines the recovery of C5 and C6 
sugars, this evaluation can be very complex. Mild torre- 
faction will limit the losses of hemicelluloses, that means 
lower EtOH yield, but will also contribute to a reduction of 
inhibitor formation, as part of these are devolatized during 
the thermal treatment. Thus, further studies are needed to 
assess these effects. 


4 Conclusions 

The experiments demonstrated that torrefaction leads to 
materials which can be enzymatically hydrolyzed and 
fermented into ethanol with yields comparable to raw 
biomass. 

The energy demand for lignocellulosic bioethanol 
produced from torrefied biomass is lower than the case of 
raw biomass chains. The overall energy consumption per 
kg of ethanol has been estimated for three different process 
paths, namely steam explosion, grinding of torrefied 
biomass, and grinding of raw biomass which resulted 
respectively in 8.53 MJ el and 7.75 MJ th , 64.29 MJ el , and 
180 MJ el per kg of EtOH. Further room for optimization 
exists for the new approach investigated in this research 
work, as only preliminary experiments have been carried 
out so far. 

Even examining only the glucose fraction of the biomass 
at inlet, torrefaction is considerably less energy efficient 
than SE due to lower efficiencies in hydrolysis and 
fermentation. This finding is expected to occur even if the 
process is optimized, and the energy streams are recovered 
and well integrated in the overall scheme. However, the 
integration with other treatments on torrefied feedstock is 
still to be investigated. 

In order to reduce inhibitor formation and C5 loss, 
optimum process conditions have to be defined. In the 
present work, mild torrefaction conditions were investigat¬ 
ed; so far, the best conditions were identified at 220°C at 
60 min, but further research is needed to investigate the 
several components affecting the final ethanol yield. 

After having demonstrated that torrefied biomass can be 
enzymatically hydrolyzed, the possibility to improve 
hydrolysis and fermentation efficiencies will need further 
and dedicated investigation. 

Acknowledgments Authors wish to acknowledge Prof. Ing. Fran¬ 
cesco Martelli, Director of CREAR-University of Florence, for the 
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